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Abstract 
Previous research suggests that for many geological CO2 sequestration reservoirs, up to 60% of the injected CO2 will be trapped 
by capillary forces (irreducible saturation), a mechanism termed residual CO2 trapping.  More specifically, our recent models of 
ongoing field tests of geological sequestration suggest that residual CO2 trapping can be maximized if the CO2 plume rises a 
greater distance due to buoyancy (i.e., injection at the deepest part of a thick reservoir) and sweeps a larger area before coming in 
contact with low permeability caprock.  Although this strategy maximizes the residual CO2 trapping in theory because CO2
plume contacts more pore spaces, it also increases the probability that upwelling-CO2 may come into contact with faults or other 
leakage pathways.  Geological heterogeneity seems to play greater role with respect to residual CO2 trapping potential.  To help 
clarify what processes and properties will maximize residual CO2 trapping and minimize CO2-buoyant flow, we conducted a 
systematic analysis of permeability (k) fields and its correlation structures.  The k fields served as primary parameterization of a 
numerical model describing CO2 migration during a 100-year simulation period. 
We compared various permutations of two-dimensional conceptual models, including homogeneous, random, homogenous with 
low-k lens, and anisotropically-correlated k fields.  Using a Sequential Gaussian Simulation method, for most of models, we 
generated 10 realizations in each model permutation. In each simulation, the amount of mobile-, residual-, and aqueous-trapped 
CO2 was calculated and the spatial distribution of the CO2 plume was quantified using the first and second spatial moments.  
Both homogeneous and random simulation results suggest that the amount of residual trapped CO2 increases as the effective k
increases.  These results imply that the overall velocity distribution, which governs the sweeping area of the CO2 plume, is a 
critical factor for residual CO2 trapping.  However, as overall velocity (or k field) increases, we observed that the CO2 plume 
reaches the caprock more quickly.  In simulations of anisotropically correlated k fields with specific correlation length ratios of 
25 m  10 m, 50 m  10 m, and 100 m  10 m in x (horizontal) and z (vertical) directions, respectively, the CO2 migration 
distance due to buoyancy force is shorter as the horizontal correlation length becomes greater.  In addition, as the horizontal
correlation length becomes greater, residual trapping increases because the CO2 plume spreads farther laterally, sweeping a larger 
area.  In sum, results of this analysis suggest that heterogeneous k fields with greater anisotropic correlation ratios tend to 
maximize residual trapping and minimize buoyancy-driven CO2 migration.  Our findings also suggest that k correlation 
structures, especially anisotropic media with specific ratios of correlation lengths, can strongly impact CO2 trapping mechanisms 
by controlling velocity and tortuosity, which in turn determines the sweeping area of CO2 plumes. 
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1. Introduction 
A comprehensive understanding of the migration, entrapment, and dissolution of injected CO2 is one of the 
prerequisites for evaluating the reliable performance of geologic CO2 sequestration.  Field-scale experiments to 
evaluate these physical/chemical mechanisms and the feasibility of long-term CO2 storage have been, and are 
currently being performed, by several programs, including the Department of Energy (DOE) funded Regional 
Partnerships [1-5].  Despite these efforts, it is still challenging to reliably predict the physical and chemical 
processes of injected CO2 in a deep subsurface environment (> 800 m) because CO2 injection gives rise to complex 
coupled processes such as the partitioning of CO2 into formation fluids, chemical reactions with minerals, thermal 
effects and geomechanical changes. 
Moreover, geologic heterogeneities such as lateral or vertical trends within a geologic unit, internal stratification, 
geologic structures (e.g. faults, folds, and fractures), the geometry of individual units, and interconnectivity make it 
difficult to assess CO2 behavior in the subsurface environment [6].  The effect of geologic heterogeneity on 
subsurface fluid migration was reported in great detail in many hydrology and petroleum engineering studies [7-10].  
However, relatively few publications discuss the role of geologic heterogeneity on CO2 sequestration processes in a 
deep subsurface environment [1,6,11-15].   
This study explores systematic heterogeneous permeability (k) effects on both residual CO2 trapping mechanisms 
and buoyancy-driven CO2 migration with a series of multiple realization approaches.  The simulation results help 
elucidate the critical factors that control CO2 trapping mechanisms with respect to k heterogeneity.  In addition, the 
findings may allow for more specific evaluations of site assessment and selection for commercial-scale geologic 
CO2 storage. 
2. Model Descriptions 
2.1. Numerical Setting 
In order to evaluate the influence of k heterogeneity on both residual CO2 trapping and buoyancy-driven CO2
migration in a saline formation, a generalized two-dimensional model was designed (Figure 1).  The model domain 
is 500 m wide and thick with cell dimensions of x=z=2.5 m (total 40,000 cells).  In this model, the CO2 storage 
formation is overlain by a 25-m thick caprock with low k (0.001 mD).  The distribution of initial pressure is assumed 
to be a hydrostatic pressure condition ranging from 16 MPa to 21.4 MPa.  Temperature is uniformly assigned as 55 
°C which represents a typical temperature in candidate formations for CO2 sequestration.  At these ambient 
conditions, the injected CO2 is stored as a supercritical fluid (P>7.38 MPa and T>31.1°C),  Both the top and bottom 
boundaries are assumed to be at constant pressure conditions with no flow conditions for the remaining boundaries.   
Figure 1. Conceptual model describing CO2 injection scheme below low permeability caprock   
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In this study, CO2 is injected at the source location (Figure 1) for 5 years with a constant injection rate of 21,840 
tonnes/year (cumulative CO2 injection=109,200 tonnes). The numerical simulation was performed for a 100-year 
period to predict mobile, residual, and aqueous CO2 trapping mechanisms and to further evaluate the spatiotemporal 
behavior of the CO2 plume in various heterogeneous k fields. 
Among the various factors affecting geologic CO2 sequestration, we focused on studying the heterogeneity effect 
of k field.  We especially considered systematic variations of spatial k distribution, including homogeneous, random, 
homogenous with a low-k inclusion, and correlated k fields for characterizing their role on both residual CO2
trapping and buoyancy-driven CO2 migration.  We systematically implemented 24 scenarios (141 simulations): 
homogeneous and isotropic (Scenarios 1-4), homogeneous and anisotropic (Scenarios 5–9), random (Scenarios 10-
14), homogenous with a low-k inclusion (Scenarios 15-16), correlated k field with k isotropy (17-20), and with k
anisotropy (Scenarios 21-24) (see Table 1). 
Homogeneous and isotropic cases (Scenarios 1-4) with varying k values ranging from 5 to 25 mD provide a basis 
for comparison to the heterogeneous cases.  Results from Scenarios 5-9 show the effect of an anisotropy ratio.  
Assuming a log-normal distribution, Scenarios 10-14 represent the different degrees of k heterogeneity by increasing 
variance of log k (2logk) from 0.5 to 10.  Sequential Gaussian simulation method [16] was used to generate 10 
realizations of each random k field.  We also added Scenarios 15-16 to evaluate the effect of the low-k lens in the 
path of CO2 migration (see Figure 1 for the location of the low-k lens).  The knowledge from the simple 
deterministic inclusion of the low-k lens was expanded to interpret the effect of correlated structures implemented in 
Scenarios 17-24 where the simulated k fields contain the multiple correlated structures.  Every realization in the set 
of stochastic models was equally conditioned at the injection cell with a permeability of 100 mD so that CO2 was 
injected within the same high-k materials.   
Table 1. Case studies representing various heterogeneity fields 
Scenarios Low k
Lens 
(m) 
Variance of 
Log k
Correlation  
Length (m) 
Effective kx
(mD) 
Effective kz
(mD) 
kz/kx Number of 
realizations 
1  0  5 5 1 1 
2  0  10 10 1 1 
3  0  15 15 1 1 
4  0  25 25 1 1 
5  0  75 15 0.2 1 
6  0  150 15 0.1 1 
7  0  300 15 0.05 1 
8  0  150 7.5 0.05 1 
9  0  150 30 0.2 1 
10  0.5 Random 23.18* 23.15* 1 10 
11  1 Random 21.84* 21.83* 1 10 
12  2 Random 20.02* 20.01* 1 10 
13  5 Random 16.88* 16.83* 1 10 
14  10 Random 14.39* 14.25* 1 10 
15 50x5  0  Target Formation: 15 
Lens: 0.25  
 1 1 
16 100x5 0  Target Formation: 15 
Lens: 0.25  
 1 1 
17  1 10x10 23.50* 23.42* 1 10 
18  1 25x10 27.33* 20.80* 1 10 
19  1 75x10 33.55* 18.42* 1 10 
20  1 125x10 35.62* 17.75* 1 10 
21  1 10x10 19.69* 2.73* 0.1 10 
22  1 25x10 22.36* 2.46* 0.1 10 
23  1 75x10 28.33* 2.11* 0.1 10 
24  1 125x10 30.89* 2.00* 0.1 10 
*average of effective k from 10 realizations 
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We assume that the velocity distribution governed by effective k is a critical factor controlling both the size of 
area swept by the CO2 plume and the amount of residual-trapped CO2.  To understand the ambient velocity field, 
effective kx and kz were numerically calculated from  
 

=
z x
outin
eff
dxdz
dl
dpg
QQ
k

2
   (3) 
where keff is the equivalent permeability in any direction, Q is the flow rate at the inlet and outlet,  and  is the 
density and viscosity of the brine, and finally, dp /dl  is the pressure gradient in the flow direction. Table 1 
summarizes the keff for each case.   
Finally, to quantify the migration distance and configuration of the CO2 plume in different k fields, both (1) the z-
direction first moment (Mz) and (2) the second moment of the spatial CO2 plume distribution in the x (Mxx) and z 
(Mzz) directions are calculated.  These statistical properties are commonly used to quantify the distribution of 
contaminant plumes; the mathematical representations of these properties are detailed in previous studies [17-20]. 
3. Results and Discussion 
The series of multiple simulations with various k fields reveal two important factors controlling a constitutive 
relation between residual trapping and heterogeneous k fields.  One factor is the migration distance of buoyancy-
driven CO2, which is quantitatively analyzed with Mz (Figure 2a) and the other is the lateral extension of a CO2
plume analyzed with Mxx (Figure 2b).  Residual trapping functionally increases with these two parameters.  
 (a)      (b) 
Figure 2. Constitutive relation between mass of residual trapped CO2 and spatial moments (Mz and Mxx) 100 years 
after injection. 
Figure 2a shows that the mass of residual trapped CO2 logarithmically increases with effective kz, as illustrated by 
Scenarios 1-4, 6, 8-9, and 10-14.  These logarithmic trends represent the situations when the migration distance of 
buoyancy-driven CO2 (or effective kz) governs the residual CO2 trapping mechanism.   
Comparison between Scenarios 1-4 and Scenarios 6, 8-9 (squares vs. diamonds in Figure 2a) illustrates the 
effects of kx on residual trapping.  In this comparison, mass of residual-trapped CO2 increases as kx increases from 
15 mD to 150 mD (and as Mz decreases).  For example, in the 1515 mD scenario, 6x107 kg of CO2 is stored in 
residual form with about 88 m of Mz.  When kx increases from 15 to 150 mD, 8x107 kg of CO2 is stored as residual 
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gas with 70 m of Mz.  These simulation results suggest that larger values of kx and smaller values of kz increase the 
residual trapping of CO2 and, at the same time, reduce buoyancy-driven CO2 migration. 
Figure 2a (circles) shows the effects of k heterogeneity degree (2Log k) on residual CO2 trapping (Scenarios 10-
14).  The numerically calculated effective k in Table 1 shows that effective k increases with decreasing 2Log k.  In 
particular, mass of residual trapped CO2 from random simulations approaches that from 2525 mD homogeneous 
Scenarios as 2Log k approaches zero (homogeneity).  Correspondingly, mass of residual trapped CO2 increase as 
2Log k approaches zero. 
Figure 2b illustrates Scenarios 5-7 and 17-24 and the constitutive relation between Mxx (representing correlation 
length of permeability structure listed in Table 1) and residual-trapped CO2.  Compared to the scenarios in Figure 2a 
(i.e. effective kz governs residual trapping), the scenarios in Figure 2b represent situation where correlation length 
(or effective kx) governs residual trapping.  Scenarios 5-7 show that residual trapping systematically increases with 
kx.  In addition, those simulations with correlated k fields (Scenarios 17-24) suggest that residual trapping 
systematically increases with correlation length.  Finally, comparison of Scenarios 17-20 and Scenarios 21-24 shows 
that residual trapping increases with kz.
4. Conclusions 
In conclusion, numerical experiments with various k field reveal that mass of residual trapped CO2 is enhanced 
either when the plume migrates farther in the vertical direction (effective kz control) or when the lateral extension of 
the plume is greater  (correlation length of permeability structure or effective kx control).  In practice, our goal is to 
hasten the storage of more CO2 in residual form as well as minimize buoyancy-driven CO2 migration, leading to 
longer residence times of CO2 plumes in targeted formations.  From these analyses, we suggest that heterogeneous k
fields with (1) greater kx, (2) smaller kz, and (3) longer correlation lengths are more promising target formations for 
geologic CO2 sequestration.  Finally, these findings imply that application of horizontal injection wells will likely 
increase the early lateral extension of CO2 plumes.  Consequently mass of residual-trapped CO2 can be maximized 
while vertical migration distance of CO2 plume is minimized. 
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